T he macrophage, discovered by Metchnikoff more than 100 yr ago, as a result of its phagocytic functions [1] , is still revealing new information about its phagosomal environment after phagocytosis has ensued. Tissue and bone marrow-derived macrophages present extracellular antigens on MHC molecules after phagosomal antigen processing [2] . A significant degree of exogenous antigen processing occurs within the phagosome to generate peptides that bind MHC molecules for either Th cell or cytotoxic T cell recognition [3] .
As a result of phagocytosis, pathogens end up in phagosomes, which then fuse with lysosomes to form phagolysosomes. Accompanying these events, an increase in acidification in the lumen of the phagosome occurs through the recruitment of vacuolar ATPases [4] . In addition, activation and recruitment of enzymes, such as iNOS and NOX, from the cytoplasm to the phagosomal environment, are initiated. Such enzymes are needed for the oxidative burst reaction, where the production of H 2 O 2 and free radicals, also known as redox molecules, such as reactive nitrogen species and ROS, is critical to destroy the phagocytosed bacteria within the phagosome [5] . Moreover, degradation of internalized disulfide bond-containing proteins involves the action of both disulfide reductases and proteases [6, 7] .
The activation of cysteine cathepsins and the reduction of disulfide bonds in proteins are critical steps in phagosomal antigen processing. As thiol-dependent cysteine cathepsins are potentially susceptible to inactivation by ROS, it is possible that phagosomal reductases are needed to ensure the reduction of cysteine cathepsins and thus, their activation. In addition, they may play role in directly reducing the disulfide bonds in internalized proteins. Accordingly, it is crucial to decipher the mechanisms responsible for maintaining the reductive capacity of the phagosome in macrophages that could regulate efficient antigen processing in these organelles. In the study published in this issue of JLB, Balce et al. [8] describe a collection of intriguing experiments designed to explore these regulatory pathways. To identify the redox systems involved, the authors used a bioactive, chemical-based library-screening technique to assay phagosomal disulfide reduction. The reduction of a particle-bound fluorogenic substrate BODIPY FL L-cystine in the presence of 480 compounds was monitored in macrophages. In doing so, the authors identified compounds that affected the rates of phagosomal disulfide reduction but not the acidification or phagosomelysosome fusion. Their findings, which were later confirmed in the study using specific inhibitors, pointed toward a TR-related enzyme that was needed for the disulfide reduction within phagosomes. Balce et al.
[8] used NADPH and selenoproteindepletion studies, as well as macrophages from NOX2-deficient mice, to eliminate ROS generation that would typically decrease disulfide reduction. This work excluded the effects of ROS on disulfide reduction within phagosomes and thus, demonstrated a role for NADPH as a possible source of phagosomal-reducing equivalents, requiring at least 1 selenoprotein.
Until this point, the above discoveries pointed to cytosolic endogenous sources (Fig. 1A) that can supply reductive energy to the phagosome. However, as the effect of depleting NADPH or selenoprotein content did not completely terminate phagosomal disulfide reduction, the authors further postulated that exogenous extracellular cysteine (Fig. 1B) can be obtained during phagosomal formation and maturation and act as a reductive agent in phagosomal thiol-dependent reactions. Again, with the reliance on NOX2-deficient macrophages, the authors found that the rates of phagosomal disulfide reduction were greater when they increased the concentration of extracellular cysteine. The authors suggested that this process may directly reduce disulfides in the early phagosome when the lumen is exposed to neutral pH and could possibly involve the GILT reductase [7, 9] .
The current study [8] represents an important finding that directly impacts the processing of protein antigens by macrophages and the subsequent presentation on MHC molecules to T cells. As antigen processing in macrophages, as well as dendritic cells, can be influenced by levels of phagosomal proteolysis and disulfide reduction [2, 10, 11] , it can easily be affected by modulation of the sources of reducing compounds. Certainly, the article published in this issue by Balce et al. [8] is not the final conclusion to the story, as the authors have not directly implicated TR in supporting the reductive capacity of the phagosome, a finding that needs to be solidified. Nevertheless, as this study [8] was successful in providing novel information regarding NADPH and selenoprotein involvement in phagosomal thiol-dependent functions, it represents an excellent starting platform to discern how the reductive capacity of the phagosome is maintained. For example, among the many remaining questions to address, further studies will need to delineate the molecular mechanisms by which the reductive energy from NADPH is conveyed through the phagosomal membrane. 2 ], which results in the reduction of protein disulfides in the phagosome through a series of redox reactions. (B) Extracellular cysteine can be used as a reductive agent in phagosomal thiol-dependent reactions. In the early phagosome, it may directly reduce disulfides when the lumen is exposed to neutral pH. In the maturing phagosome, this process likely involves GILT reductase as a catalyst.
